Supplementation with high doses of folic acid, an important mediator of one-carbon transfers for DNA methylation, is used clinically to improve sperm parameters in infertile men. We recently detected an unexpected loss of DNA methylation in the sperm of idiopathic infertile men after 6 months of daily supplementation with 5 mg folic acid (>10Â the daily recommended intake-DRI), exacerbated in men homozygous for a common variant in the gene encoding an important enzyme in folate metabolism, methylenetetrahydrofolate reductase (MTHFR 677C>T). To investigate the epigenomic impact and mechanism underlying effects of folic acid on male germ cells, wild-type and heterozygote mice for a targeted inactivation of the Mthfr gene were fed high-dose folic acid (10Â the DRI) or control diets (CDs) for 6 months. No changes were detected in general health, sperm counts or methylation of imprinted genes. Reduced representation bisulfite sequencing revealed sperm DNA hypomethylation in Mthfr þ/À mice on the 10Â diets. Wild-type mice demonstrated sperm hypomethylation only with a very high dose (20Â) of folic acid for 12 months. Testicular MTHFR protein levels decreased significantly in wild-type mice on the 20Â diet but not in those on the 10Â diet, suggesting a possible role for MTHFR deficiency in sperm DNA hypomethylation.
Introduction
Environmental exposures such as diet and stress may affect not only the health of individuals but may also be transmitted to their offspring (1) (2) (3) . Epigenetic modifications are one of the mechanisms that can alter gene activity in response to environment, without changing the DNA sequence (4, 5) . Epigenetic patterning of parental gametes and in utero environment influence offspring susceptibility to metabolic and chronic disorders (6) (7) (8) (9) . Reports of epigenetic modifications occurring during specific developmental windows of susceptibility in the male germline suggest that sperm may transmit environmentally induced epigenetic modifications to the next generation (10) . Such modifications may involve histones, coding and non-coding RNAs and DNA methylation.
DNA methylation, a well characterized epigenetic modification, occurs at the 5-position of approximately 30 million cytosine residues throughout the human genome, mainly within CpG dinucleotide sequences (11, 12) . DNA methylation is catalyzed by DNA methyltransferase enzymes (DNMTs) which use methyl groups provided by S-adenosylmethionine (SAM) (7, 13) . SAM is in turn a major product of folate-dependent one-carbon metabolism.
Several biochemical pathways, including nucleotide synthesis and production of methyl group donating enzyme cofactors, depend on one-carbon folate metabolism. The reduction of 5,10-methylenetetrahydrofolate (5,10-methyleneTHF) to 5-methylTHF via 5,10-methyleneTHF reductase (MTHFR) and the subsequent transfer of the methyl group from 5-methylTHF to homocysteine results in the production of methionine. Methionine is used to synthesize SAM which may subsequently be used in DNA methylation (14, 15) . Folate deficiency or its aberrant metabolism may alter SAM production and DNA methylation with possible health consequences (16) (17) (18) . Furthermore, a common polymorphism in the gene for MTHFR (677C>T) results in lower MTHFR activity, lower folate status, higher concentrations of circulating homocysteine and reduced lymphocyte DNA methylation (19) (20) (21) . Individuals with the MTHFR 677TT genotype are predisposed to various disorders including male infertility in some populations (22, 23) .
Men presenting with infertility are often supplemented with high dose folic acid (up to 5 mg daily intake; >10 times the daily recommended intake or DRI). The treatment is based on randomized studies that have shown improved sperm counts in infertile men after 5 mg daily supplementation for 6 months (24, 25) . In many countries, fortification of grain products with folic acid to prevent neural tube defects, in addition to other sources of supplements (e.g. other folic acid fortified products and multivitamins), have led to higher intakes of folate (26, 27) . Therefore, it is crucial to investigate the possible consequences of excess folic acid supplementation on the health of recipients and their offspring. We recently studied 30 normozoospermic men with idiopathic infertility, supplemented with high dose folic acid (5 mg/day) for 6 months (28) . While no improvements were observed in sperm concentration, loss of methylation across the sperm DNA methylome was detected using sensitive next-generation sequencing-based approaches. Such loss of methylation was contrary to our expectations since folates mediate one-carbon transfers that supply methyl groups for SAM synthesis. In addition, individuals with the MTHFR 677TT genotype were more susceptible to epigenetic alterations in important disease-related genes after supplementation (28) . Here, mouse studies were used to better understand the epigenetic impact of high dose folic acid supplementation on sperm and the testis. We utilized folic acid-supplemented diets and mice with mild MTHFR deficiency, a model for the human MTHFR 677TT genotype (29) . Mouse studies enabled us to search for cross-species responses of the sperm epigenome to high dose folic acid supplements and MTHFR deficiency and to access testicular samples to study underlying mechanisms.
Results
High folic acid intake and Mthfr genotype had no effects on body and reproductive organ weights BALB/c Mthfr þ/þ (a model for the human MTHFR 677CC genotype) and Mthfr þ/À (a model for MTHFR 677TT individuals) male mice were randomly assigned (5/group) to control (2 mg/kg; CD) and 10Â folic acid-supplemented (20 mg/kg; 10FS) amino aciddefined diets at weaning (Fig. 1A) . After 6 months on the diets, mice were sacrificed, body and reproductive organ weights were recorded and sperm and testis tissues were collected. Analysis of body and reproductive organ weights showed no differences among the four groups ( Fig. 1B-E) . Thus, neither the Mthfr genotype nor folic acid supplementation showed a pronounced effect on the general health of the mice.
Methylation of imprinted loci in sperm was unaffected by folic acid supplementation
To study the epigenetic impact of high folic acid intake on sperm, we initially investigated the methylation status of imprinted genes. Bisulfite pyrosequencing was utilized to assess the germline differentially methylated regions (DMRs) of the paternally methylated H19 and the maternally methylated Snrpn imprinted loci. Assays were designed to analyze methylation status of 6 and 5 CpGs for H19 and Snrpn, respectively. In somatic tissues, either the paternal or the maternal allele of imprinted genes is completely methylated while the opposite allele is not methylated. Consequently, the average methylation of imprinted genes in a somatic tissue is approximately 50%. Conversely in sperm DNA, where only one parental allele is present, methylation levels of paternally and maternally methylated loci are expected to be 100% and 0%, respectively. Analysis of sperm DNA showed that the methylation status of both imprinted loci was within the normal range in individual animals regardless of Mthfr genotype or diet ( Fig. 2A and B) .
Average methylation values for the two imprinted loci were similar among different experimental groups ( Fig. 2C and D) . Overall, similar to our previous findings in human (28) , neither Mthfr genotype nor high folic acid intake for 6 months affected the methylation status of imprinted genes.
Alteration of the sperm DNA methylome depended on level of folic acid intake and Mthfr genotype
To analyze the global impact of high dose folic acid supplementation on the sperm DNA methylome, we used the LUminometric Methylation Assay (LUMA). The assay measured the overall proportion of methylated CpGs across the sperm epigenome and detected no significant differences among experimental groups (Fig. 3A) . To further assess the sperm DNA methylome at a single nucleotide resolution level, we utilized a next-generation sequencing-based method: reduced representation bisulfite sequencing (RRBS). Analysis of methylation status of approximately 1.7 million CpGs, in 100 base pair (bp) tiles across the sperm epigenome was performed for all samples (Supplementary Material, Table S1 ). In contrast to the loss of methylation previously reported in the sperm of MTHFR 677CC men, the sperm of their mouse homologs (Mthfr
) were minimally affected by 10Â folic acid supplementation after 6 months. Only 98 differentially methylated tiles (DMTs) with significant >20% changes in methylation at a minimum 10-fold sequencing coverage were found, most of which demonstrated hypermethylation ( Fig. 3B and Supplementary Data File 1). In contrast, Mthfr þ/À mice showed a similar response to MTHFR 677TT men and demonstrated significant hypomethylation of the sperm DNA methylome after 10Â folic acid supplementation for 6 months (Fig. 3C) . To study the Mthfr genotype effects alone, Mthfr þ/þ and Mthfr þ/À mice on the CD were compared.
While no significant difference was detected in global methylation levels (Fig. 3A) , sperm DNA of Mthfr þ/À mice contained 1348
DMTs, most of which were hypermethylated ( Fig. 3D Fig. S2 ). As depicted in Figure 5A and B, testicular MTHFR protein levels in BALB/c mice were decreased as expected in Mthfr þ/À ; however, there was no significant effect of 10FS diets on MTHFR levels in mice of either genotype. In contrast, testicular MTHFR expression decreased significantly in Mthfr þ/þ mice fed 20FS diets for 12 months as compared with CDs ( Fig. 5C and D). The 20FS diet ( Fig. 5D ) resulted in a similar decrease in testicular MTHFR levels as the Mthfr þ/À genotype (Fig. 5B ). Our data demonstrate significant downregulation of testicular MTHFR levels as a possible mechanism of sperm DNA hypomethylation in wild-type mice with very high folic acid intakes.
Intergenic and testis enhancer regions were susceptible to DNA methylation changes after high dose folic acid supplementation
To further investigate the sperm hypomethylating effects observed in the 20FS Mthfr þ/þ and the 10FS Mthfr þ/À mice due to high dose folic acid supplementation, we next analyzed the distribution of DMTs among different genomic regions. Distributions of all sequenced tiles, regardless of their methylation levels, were compared with DMTs. Specific genomic regions were considered potentially more susceptible to excess folic acid when larger fractions of DMTs were observed within these regions. Distributions of sequenced tiles were first analyzed among different intergenic and genic (exons, introns, promoters, 3 0 and 5 0 untranslated regions and transcription termination sites) regions and revealed higher proportions of DMTs in intergenic regions, similar to our previous findings in human sperm. Moreover, the proportion of DMTs located within promoters in the sperm DNA of folic acid-supplemented mice was lower than the overall proportion of tiles localized to promoters (Fig. 6A) . Alterations of DNA methylation in intergenic regions may affect important regulatory elements such as enhancers that control gene expression. Utilizing available data of the recently identified enhancer-promoter units (31), we investigated possible enrichment for mouse testis enhancer regions in DMTs affected by high or very high dose folic acid. Indeed, the proportion of tiles corresponding to enhancer regions was significantly higher in the DMTs of the Mthfr High folic acid intakes affected sperm genomic regions known to escape DNA demethylation during the preimplantation and germ cell reprogramming stages
Since most DNA across the genome undergoes demethylation during the preimplantation reprogramming period, it is possible that any dietary or environmentally altered sperm DNA methylation patterns would be corrected after fertilization. However, recent data suggest that methylation at a subset of sites in sperm DNA escape demethylation and thus transmit male gamete-derived methylation patterns with possible functional consequences for the embryo (32) . To assess the possibility of intergenerational transmission of DNA methylation alterations from sperm to embryo, we reanalyzed available mouse RRBS data (33) and searched for genomic regions (1000 bp tiles) that are hypermethylated (>75% methylation) in sperm and hypomethylated (<35% methylation) in oocytes (see Materials and Methods). During preimplantation reprogramming, these regions are normally expected to undergo demethylation and present very low methylation levels in the inner cell mass (ICM). We followed the fate of sperm-specific hypermethylated regions and found potential preimplantation 'escapees' that demonstrated medium methylation (35-65%) in the ICM. Such medium methylation levels would presumably be due to the average methylation of a paternally hypermethylated, and not reprogrammed, allele and a maternally hypomethylated allele. We could identify 4340 preimplantation 'escapee' regions by this approach; 90 DMTs in 10FS Mthfr þ/À mice and 20FS Mthfr þ/þ mice were in such regions (Supplementary Material, Table S4 ). The second wave of embryonic DNA demethylation occurs during germline methylation reprogramming in primordial germ cells (PGCs). Recent data suggest that not all DNA regions in PGCs undergo demethylation (34) . We asked whether any of the germ cell 'escapee' regions may be among the tiles affected by high dose folic acid in mouse sperm. To do this, available mouse RRBS data (35) were reanalyzed and revealed 2435 sperm-specific regions which remained highly methylated after germline demethylation in the mouse. Overall, 31 DMTs affected in 10FS Mthfr þ/À mice and 20FS Mthfr þ/þ mice were from regions that may escape the germline reprogramming phase (Supplementary Material, Table S4 ). Next, we reanalyzed our previous human RRBS data, which reported loss of methylation in infertile men after high dose folic acid supplementation, to search for enrichment of human preimplantation or germ cell escapee regions. A preimplantation escapee list including 3349 regions was prepared by reanalysis of available human RRBS data (36) . The list of human germ cell escapees (7070 regions) was obtained from Dr. Azim Surani (37) . A small subset (20 of 847) of DMTs were in either the preimplantation or germ cell escapee regions (Supplementary Material, Table S4 ). With few human DMTs found to be overlapping with escapees, motif enrichment was not examined. However, in the mouse, lists were combined to examine sequence features found in DMTs overlapping with preimplantation or germline escapees. The overlapping mouse DMTs were found mainly in intergenic regions (80% in preimplantation and 61% in germline escapees, respectively). Using HOMER for analysis, several known motifs were found to be enriched in the sequences of both escapee lists (Supplementary Material,  Tables S5 and S6 ). Motifs related to SMAD protein members were enriched in both lists of escapees. SMADs are a family of signal transduction proteins that are activated through TGFbeta signaling. These proteins help to mediate multiple signaling pathways including possible roles in the regulation of carcinogenesis (38) . Another common enriched motif was that of the transcriptional factor Eomes, which is crucial for embryonic development and the CNS in vertebrates (39) . Together, our human and mouse data suggest that high dose folic acid and MTHFR haploinsufficiency may affect the sperm DNA methylome in regions that may not be reprogrammed during developmental methylation resetting stages. This could result in a potential loss of important paternal DNA methylation information between generations.
Common cellular pathways were affected in both mouse and human with high folic acid intakes
Our genome-wide approach to investigate the impact of high folic acid intakes on the sperm DNA methylome in mouse and human revealed loss of methylation in potentially important genomic regions. We postulated that such affected regions may represent important cellular pathways and utilized the DAVID online tool to test this hypothesis. As shown in Table 1 , several cellular pathways were affected by high folic acid in Mthfr þ/þ mice on the 20FS diet and in Mthfr þ/À mice on the 10FS diet. In human, fewer cellular pathways survived the statistical tests for significance while more pathways were affected in MTHFR 677CT and TT individuals (Table 1) . Genes related to 'nervous system development' and 'ion binding and transport' pathways were commonly affected in both mouse and human with high folic acid intakes. We also carried out a direct comparison of orthologous regions for DMTs found after supplementation in our human and mouse studies. In these comparisons, we found little evidence of overlap of orthologous affected regions. Thus, we cannot conclude there is sequence conservation of induced hypomethylation.
Discussion
In countries where food is fortified with folic acid, most individuals now have adequate folate intakes. However, with the current ready access to prescription of folic acid supplements, concerns have arisen about the potential adverse effects of excess folic acid intakes (40, 41) . Little is known about the effects of folic acid supplements on the sperm epigenome; such studies are needed because animal studies indicate that abnormal sperm methylation patterns can be transmitted to the offspring. Evidence that normal levels of folate are important for male germ cells includes a study connecting lifetime folate deficiency with epigenetic defects in sperm and birth defects in the offspring of exposed males (42) . While our recent study in infertile men showed that administration of high dose folic acid resulted in sperm hypomethylation, the findings were counter-intuitive as folic acid might have been expected to increase DNA methylation levels (28) . Here, we report that, similar to our results in human, the mouse sperm DNA methylome also became hypomethylated in response to high dose folic acid supplementation. Such hypomethylation affected regions and genes of potential functional importance for the offspring. We identified downregulation of testicular MTHFR as a possible mechanism contributing to the observed effects on the sperm epigenome. Based on our previous studies, as compared with the CD, the 10FS and 20FS diets result in approximately two-fold increases in blood folate levels (43, 44) . The high folic acid diets did not have major effects on general or reproductive health of males, as evidenced by similar body, testes, epididymal and seminal vesicle weights across the groups. Seminal vesicle weights provide a sensitive measure of testosterone output while testis and epididymal weights reflect sperm numbers. Similarly, sperm concentrations did not change after folic acid supplementation in our human study (28) .
In studies of male infertility, global and imprinted gene methylation are frequently measured to assess the sperm epigenome. The global CpG assay, LUMA, provided a preliminary indication that sperm methylation at the $20 million CpG sites in the mouse genome was not affected in a major way by the diets. At the single gene level, we initially chose to examine the methylation of imprinted genes, abnormalities of which have been reported in the sperm of infertile men (45, 46) . The results indicated that neither high dose folic acid nor the Mthfr þ/À genotype resulted in hyper-or hypomethylation of imprinted loci. Similarly, we previously assessed several imprinted genes in human including H19 and SNRPN and did not detect significant alterations because of high dose folic acid supplementation or MTHFR 677 genotype (28) . In the current study, with H19 methylation close to 100% in all samples and Snrpn methylation close to 0%, we were confident of the purity of our sperm samples and their lack of contamination with somatic cell DNA, prior to moving to the more sensitive assay of DNA methylation, RRBS. RRBS was used to examine genome-wide single nucleotide effects of folic acid supplementation on the sperm epigenome. For studies of the DNA methylome, RRBS enriches for approximately 10% of the total CpGs mostly located in GC-rich genomic loci, avoids repeat regions and provides a cost-effective approach to analyze multiple samples individually as compared with whole genome bisulfite sequencing. Contrary to sperm DNA hypomethylation in MTHFR 677CC infertile men following 10Â folic acid consumption, little effect on the mouse sperm DNA methylome was observed in the 10FS Mthfr þ/þ group. We hypothesized that mouse testes may be less sensitive (or have a higher threshold) to folic acid intakes above the DRI than human. Thus, to test the response to a higher dose of folic acid, we treated Mthfr þ/þ mice with either CD or 20FS for 12 months and detected sperm hypomethylation in the 20FS group demonstrating that DNA hypomethylation in response to high folic acid intake occurs in both mouse and human testes, albeit at a higher threshold intake for mice. In contrast, Mthfr þ/À mice, known to have lower MTHFR levels in testis (29) , responded in a similar manner to MTHFR 677TT men showing sperm DNA hypomethylation after exposure to the 10FS diet. Our results suggested that DNA hypomethylation associated with high dose folic acid supplements might be related to effects on the folate metabolic pathway and possibly MTHFR. The availability of testis tissue in mice enabled us to investigate MTHFR protein expression levels. In human, the MTHFR 677C>T polymorphism results in the substitution of valine for alanine in the MTHFR protein and a subsequent 50-60% reduction in enzyme activity (20 (30) . A different response to the 10FS diet in testis could be due to metabolic differences between the two tissues, other regulatory mechanisms or to the fact that MTHFR protein level and activity in testis are much higher than liver (29) . Notably, there was a significant $50% decrease in testicular MTHFR levels detected in the Mthfr þ/þ mice on the 20FS diet. We propose that sperm DNA hypomethylation occurred in the 20FS mice due to downregulation of MTHFR enzyme and reduced availability of methyl groups for DNA methylation, producing a state equivalent to folate deficiency despite the high folate levels. Testicular downregulation of MTHFR may possibly explain the sperm DNA hypomethylation in high dose folic acid-treated men (28) . In Mthfr þ/À mice, MTHFR levels were resistant to downregulation by the 10FS diet, however, the combination of the $50% decrease in MTHFR and excess folic acid consumption appears to compromise DNA methylation resulting in the hypomethylation of sperm DNA observed in both the Mthfr þ/À 10FS and the Mthfr þ/þ 20FS mice. In contrast, reduced MTHFR expression alone did not result in sperm DNA hypomethylation in mice fed the DRI for folic acid, which also suggested that an interaction between decreased MTHFR levels and excess folic acid intake is driving these effects. In liver, the 10FS diet favoured the phosphorylation of MTHFR, which lowers the activity of the enzyme (30) . A comprehensive evaluation of one-carbon metabolites would have been ideal. Unfortunately, there was not enough testes tissue available for that analysis. However, we have analyzed metabolites in liver in mice fed 10FS that show similar reductions in MTHFR protein. Decreased MTHFR expression in the liver of 10FS mice resulted in lower concentrations of hepatic methylTHF and SAM, and increased SAH (30) . Similarly, in pregnant mice fed 10FS, MTHFR expression in liver decreased relative to controls, leading to decreased hepatic SAM, and increased SAH (49) . These results suggest that SAM, and therefore methylation, may also be affected by decreased MTHFR expression in the testes. It should be noted that MTHFR expression is much higher in testes than in liver, which may explain why liver is more sensitive to high folate than testes. Further studies would be required to determine whether less active versions of MTHFR are also produced in the human testis in response to high dose folic acid. Interestingly, sperm DNA hypermethylation was seen in the Mthfr þ/À mice on CDs. Since both histone and DNA methylation patterns are inter-related and acquired in developing male germ cells starting prenatally (reviewed in (10)), we would speculate that either one or both epigenetic modifications could be affected by Mthfr haploinsufficiency. For instance, decreases in H3K4me3, a mark anti-correlated with DNA methylation, could result in aberrant DNA methylation at sites normally marked by histone modification. Thus, it is possible that the DNA methylation disturbance caused by Mthfr haploinsufficiency (affecting prenatal and postnatal germ cells) is distinct from the disturbance caused by postnatal folic acid supplementation, such that combining the Mthfr haploinsufficiency and 10FS diets, results in modest sperm hypomethylation when compared with wildtype mice on CDs (Fig. 3E) . The amino acid sequences of mouse and human MTHFR are $90% identical (50) . An important difference between mouse and human is the relative activity of dihydrofolate reductase (DHFR), the enzyme responsible for the conversion of folic acid to THF. The activity of DHFR is much higher in murine tissues than in human-reviewed in (51) . Therefore, mice may have a greater capacity to convert folic acid to a usable form than humans. This would reduce exposure to folic acid in mice as compared with humans. This underlying difference in folic acid metabolism may explain why a higher dose of folic acid is required in mouse to elicit a response similar to humans.
The most significant effects of high folic acid diets were visible in DMTs identified by RRBS. Interestingly, DMTs were mostly located in the intergenic regions of the mouse sperm genome and not promoter regions, similar to our findings in human (28) . In addition to repeat sequences, intergenic regions contain lesscharacterized gene regulatory regions such as enhancers (52) . We found enrichment in testis enhancer regions for DMTs affected by high folic acid intakes in 10FS Mthfr þ/À mice. The results suggest that intergenic regions involved in controlling gene expression in testis may be susceptible to Mthfr haploinsufficiency and high dose folic acid supplements. To date, human testis enhancers have not been characterized. More research is required to characterize the change of methylation in these regions and their possible impact on gene expression. Our cross-species findings in mouse and human on susceptibility of intergenic regions to high folic acid intakes implicate the importance of assessing such regions in environment/epigenome interaction studies. Alterations in sperm DNA methylation in response to diet or environment could be functionally important due to the possibility of transmission of epigenetic changes to offspring. This is supported by several studies showing an impact of paternal exposures on the sperm DNA methylome and the health of the offspring of the exposed males (6, 16, 42) . In considering intergenerational effects, there is a caveat for studies of dietary components such as folate; since one-carbon metabolism is crucial for DNA synthesis, it is difficult to rule out the possibility that some of the inherited effects result from genetic rather than epigenetic changes. Most sperm DNA methylation perturbations are likely corrected between generations at times of epigenetic reprogramming, either in the embryo during preimplantation development or in the germline in primordial germ cells (53, 54) . However, recent studies utilizing sensitive genome-wide approaches identified specific genomic regions that are not reprogrammed and escape the two demethylation stages in mouse and human (33, (35) (36) (37) . It is proposed that such retained methylation between generations may be of functional relevance for embryo or germline development. We reanalyzed published datasets and identified the sperm-specific genomic regions that escape (termed 'escapee' regions) the preimplantation and germ cell demethylation phases. A small subset of tiles with significant changes of methylation in the sperm of the 20FS Mthfr þ/þ and 10FS Mthfr þ/À mice were in such 'escapee'
regions. DMT sequences overlapping these regions demonstrated enrichment for several motifs with roles in transcription factor binding and signal transduction. Alterations in DNA methylation at these 'escapee' regions may contribute to altered gene expression in the next generation and possible negative embryonic outcomes. The relatively low percentage of tiles located in such regions may be explained by a limitation of our RRBS approach which provides information on $10% of the total CpGs in the genome. It would be interesting to specifically target all the known 'escapee' regions in future studies of the effects of folic acid on the sperm epigenome. A further indication that functional sites in the genome might be impacted by high dose folic acid supplements and MTHFR deficiency came from the submission of mouse and human DMTs to pathway analysis. We detected genomic regions affected by high folic acid intake which are related to important cellular and molecular pathways such as nervous system development and ion transport, with overlaps between the mouse and human studies. Together, finding DMTs amongst testis enhancers, 'escapee' regions, and genomic regions related to common physiological processes and disease in mouse and man, provide indications that the impact of high folic acid intake and MTHFR deficiency on sperm DNA may be occurring at regions of functional relevance for the embryo.
Materials and Methods
Mice, diets and sample collection (29) were placed on control (2 mg/kg CD) and 10Â folic acidsupplemented (20 mg/kg 10FS) amino acid-defined diets (Envigo) at weaning (n ¼ 5/group), as described (30) . A second cohort of Mthfr þ/þ males was assigned to CD and 20Â folic acidsupplemented (40 mg/kg 20FS) amino acid-defined diets (Envigo) at weaning (n ¼ 4/group). Mice were housed under specific pathogen-free conditions in a controlled environment (12 h/12 h light/dark cycle, 18-24 C) with ad libitum access to food and water. After 6 months on CD/10FS diets and 12 months on CD/20FS diets, mice were sacrificed in random order by CO 2 asphyxiation and body weights recorded. Reproductive organs were collected, weighed and rinsed with cold phosphatebuffered saline. Mature sperm samples were collected from the cauda-epididymis. All tissues and sperm samples were snap frozen on dry ice and stored at À80 C.
Sperm DNA extraction
Sperm DNA was extracted using the DNeasy Blood & Tissue Kit (QIAGEN) per the manufacturer's protocols, with minor modifications as described previously (28) . Prior to proceeding with DNA extraction, sperm samples were incubated overnight at 37 C in lysis buffer containing EDTA, tris and dithiothreitol (DTT). Genotyping for the MTHFR 677C>T polymorphism was performed by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP), as described previously (29) .
Bisulfite pyrosequencing
Quantitative measurement of DNA methylation levels was performed by bisulfite pyrosequencing on CpG dinucleotides located in the germline DMRs of imprinted loci as well as in the DMTs selected for RRBS validation. Isolated sperm genomic DNA was subjected to bisulfite conversion using the EpiTect Bisulfite kit (Qiagen #59104). Pyrosequencing was performed as described previously (55) . Amplicons were sequenced using the PyroMark Q24 kit and the PyroMarkR Q24 Vacuum Workstation (QIAGEN) using the manufacturer's protocol. Biotinylated and sequencing primers for assessment of H19 and Snrpn were used as described before (55) . Primers for validation of RRBS DMTs are listed in Supplementary Material, Table S3 . Analysis of germline DMRs of imprinted loci was also used to determine possible contamination of sperm DNA with somatic cell DNA, as marked by aberrant methylation detected in both imprinted regions.
LUminometric methylation assay
LUMA was performed to assess genomic DNA methylation at a global level using restriction enzymes and pyrosequencing analysis. It was done as described before (56) with the following modifications. For each sample, duplicate digestion was carried out for both restriction enzymes HpaII and MspI. For each digestion, 500 ng of DNA diluted in 10 ml of DNase-free water was digested in 10ml of enzyme restriction master mix [7ml DNasefree water, 2ml 10Â Tango Buffer, 0.5ml EcoRI (10 U/ml), 0.5 ml restriction enzyme (HpaII or MspI) (10 U/ml)]. Following the 4 h digestion at 37 C, samples were analyzed on a Pyrosequencer Q24 from Qiagen under the 'AQ' mode. To do so, 20ml of pyrosequencing annealing buffer was added to each digested DNA sample for a total of 40ml, and 30ml (375ng of DNA) was loaded onto a pyrosequencing plate. The nucleotides were not diluted and the pyrosequencing reagents were added to the cartridge according to the volumes determined from the run preparation using the PyroMark Q24 software.
Reduced representation bisulfite sequencing (RRBS)
RRBS libraries were generated for individual sperm samples (n ¼ 5-6 per group) using previously published protocols and the gel-free technique (55, 57, 58) . Briefly, 1 lg of sperm DNA was digested using the methylation-sensitive restriction enzyme, MspI, followed by end repair and A-tailing. Small fragments of DNA were then removed utilizing AMPure XP beads (Beckman Coulter), followed by ligation to methylated adapters (Illumina), two rounds of bisulfite conversion and clean up. RRBS libraries were prepared by large-scale PCR and assessed for quality prior to sequencing. 
Immunoblotting
Testis extracts for immunoblotting were prepared from $100 mg frozen tissue under denaturing conditions, as described previously (30) . Tissue lysis was performed in RIPA buffer containing complete-mini protease inhibitor (Roche) and Halt phosphatase inhibitor (ThermoFisher Scientific) using a bead mill; lysates were cleared by centrifugation. Protein concentration was determined by Qubit Protein Assay Kit (ThermoFisher Scientific). Protein samples were boiled in reducing sample buffer containing 2% sodium dodecyl sulfate (SDS) and 5% b-mercaptoethanol. Western blotting was performed using $15 lg of protein, as described (30, 61) . Briefly, proteins were resolved on an 8% SDS-polyacrylamide gel and transferred to nitrocellulose membranes. Membranes were incubated overnight at 4 C with anti-MTHFR (20) and anti-vinculin (Cell Signalling Technology) primary antibodies diluted in 4% milk TBST. Immunoreactive protein was detected using horseradish peroxidase-coupled anti-rabbit IgG (GE Healthcare Life Sciences) and visualized with Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences). Blots were documented and quantified using the Amersham Imager 600 (GE Healthcare Life Sciences). MTHFR densitometry results were normalized to the vinculin loading control and reported relative to the mean value for CD-fed Mthfr þ/þ mice, which was standardized to a reference value of 1.
Bioinformatics reanalysis
The two windows of DNA methylation reprogramming in both mouse and humans were compared with the all sequenced tiles and DMTs found in our study. Publically available data, as described below, were examined and reanalyzed. Human data on the germline reprogramming stage determined genomic regions (7070) with greater than 30% methylation by the end of germline reprogramming with <10% overlap with repetitive elements (37) . Similarly, for mouse germ cell reprogramming data on E10.5 male embryos (35) , 1000 bp tiles with a minimum of 5 CpGs (each having !5Â coverage) were constructed and the average methylation of each tile determined. Similar to human data, tiles with >30% methylation and <10% overlap with repetitive elements were retained for analysis (2435 tiles). To examine preimplantation DNA methylation reprogramming, data from oocytes, sperm and ICM samples for human (36) and mouse (33) were used. Average CpG methylation levels for each 100 bp tile were determined in each tissue type. Sperm specific escapees of preimplantation reprogramming were defined as tiles having 35% methylation in the oocyte, !75% methylation in sperm, and between 35-65% methylation in the ICM (3349 human tiles 'escapees' and 4340 mouse tiles 'escapees'). The DMTs found to overlap with both the germline and preimplantation escapees were analyzed for known motif enrichment using HOMER software version 3.51 (findMotifsGenome.pl) with default parameters. Briefly, a differential motif discovery algorithm was used to compare the genomic sequences found in the DMTs versus random background sequence regions that are selected to match the GC content of our sequences of interest.
HOMER then screened its library of reliable motifs against the regions of interest (i.e. overlapping DMTs) and the background regions, returning a list of enriched motifs.
Pathway analysis
To investigate potential cellular and molecular pathways associated with identified DMTs, DAVID Bioinformatics Resources version 6.7 was used (62, 63) . Each group of genes corresponding to the DMT list was compared with the background list based on all tiles sequenced. A modified, and more conservative, Fisher Exact test was performed to determine the significance of enrichment which was then presented as the enrichment score (Àlog P-value).
Statistical analysis
Statistical Package for Social Sciences (SPSS) version 16 and Microsoft Excel 365 ProPlus spreadsheet were used for data entry and analysis. Significant changes after high dose folic acid supplementation were detected by t-test. Differences among experimental groups as well as RRBS genomic regions were assessed by analysis of variance (ANOVA) and chi square/Fisher exact tests. P < 0.05 was considered statistically significant.
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